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mixture. The NMR spectrum for the aqueous layer showed signals
exclusively attributable to BisNA*(C,,Bzl), the yield being quantitative
as confirmed by HPLC analysis.

The reaction behavior was monitored by 'H NMR spectroscopy. Into
a solution of BisNAH(Cq,Bzl) (25 mg, 5.0 X 107° mol) in deuterio-
chloroform (200 wL), containing 1% acetonitrile as an internal reference
in an NMR tube, was added an equimolar amount of hexachloroacetone
(7 L, 5.0 X 10°% mol), i.e., the ketone in 0.5 equiv to the dihydro-
nicotinamide unit. After the reaction mixture was allowed to stand at
room temperature for 2 h, 'H NMR signals for BisNAH(C,Bzl) dis-
appeared completely on one hand and a proton signal attributable to the
2-proton of the alcohol product (4.81 ppm downfield from Me,Si) was
observed on the other. The signal intensity indicated quantitative for-
mation of the alcohol. The reaction of (N-Et)BNAH (44 mg, 1.8 x 10~
mol) with the ketone (13.5 uL, 9.0 X 107° mol) was carried out in a
similar manner in deuteriochloroform (250 uL), containing 1% aceto-
nitrile, at room temperature. The resulting NMR spectrum indicated
that the alcohol product was formed quantitatively, and a half of the
initial amount of (N-Et)BNAH was consumed.

Kinetic Measurements. Each run was initiated by injecting hexa-
chloroacetone (4.5 gL, 3.0 X 1075 mol) into a solution (3 mL) of an
appropriate 1,4-dihydronicotinamide, which was preequilibrated at 25.0
#+ 0.1 °C in a thermostated 1-cm quartz cell set in the spectrophotometer.
The initial concentrations of dihydronicotinamides were maintained
constant at 1.0 X 10 M for monodihydronicotinamides and at 5.0 x 108
M for bis(dihydronicotinamide)s, so that the total concentrations in terms
of the dihydronicotinamide unit were adjusted at 1.0 X 107 M. Progress
of the reaction was monitored spectrophotometrically by measuring the
absorbance decay at 350 nm, which is referred to consumption of the

dihydronicotinamide moiety. Control experiments indicated that no
reaction took place in the absence of the ketone. Hexachloroacetone did
not undergo any spontaneous decomposition in the solvents employed
here, as confirmed by electronic spectroscopy. For kinetic runs under
anaerobic conditions, all the solutions placed in a specially designed cell
were purged with argon just before injection of the ketone.

Registry No. 1, 10400-19-8; 2a, 39642-79-0; 2b, 73041-73-3; 2,
77091-29-3; 2d, 77091-31-7; 3, 4314-66-3; 4, 51055-31-3; Bis-
NA*(C,,Bzl), 82352-73-6; BisNA*(C,Bzl), 81408-01-7; Bis-
NA*(C4,Bzl), 82352-74-7; BisNA*(C,Bzl), 82352-75-8; BisNA*(Et,-
p-xyl), 82352-76-9; BisNA*(Et,m-xyl), 82352-77-0; BisNA*(Et,o-xyl),
82352-78-1; cBisNA*(C,,p-xyl), 82352-79-2; cBisNA*(Cq,p-xyl),
82352-80-5; cBisNA*(Cq,p-xyl), 82352-81-6; BisNA*(C4,Pr), 82352-
82-7; BisNA*(Pr,Cs), 82352-83-8; cBisNA*(Cq,Cy), 82352-84-9; (N-
Et)BNA*, 81388-57-0; (N-Pr)PNAY, 82352-85-0; (N-Et-1)BNA*Y,
82352-86-1; PNAH, 17750-24-2; NAH-C¢-Ad, 27474-83-5; BisNAH-
(C4,Bzl), 78857-79-1; BisNAH(C,Bzl), 78844-34-5; BisNAH(Cj,Bzl),
78844-35-6; BisNAH(Cy,,Bzl), 78844-36-7; BisNAH(Et,p-xyl), 78844-
37-8; BisNAH(Et,m-xyl), 82352-87-2; BisNAH(Et,0-xyl), 82352-88-3;
cBisNAH(C,p-xyl), 82352-89-4; cBisNAH(Cg,p-xyl), 78857-80-4;
cBisNAH(C,,0-xyl), 82352-90-7; N-EtBNAH, 78844-38-9; BisNAH-
(C¢,Pr), 82352-91-8; BisNAH(Pr,Cy), 82352-92-9; ¢Bis(Cs,Cs), 82352-
93-0; (N-Et-I)PNAH, 82352-94-1; (N-Et-1)BNAH, 82352-95-2; a,w-
diaminobutane, 110-60-1; a,w-diaminohexane, 124-09-4; a,w-diamino-
octane, 373-44-4; a,w-diaminodecane, 646-25-3; benzyl chloride, 100-
44-7; p-xylylene dichloride, 623-25-6; o-xylylene dibromide, 91-13-4;
n-propyl iodide, 107-08-4; 1,6-dijodohexane, 629-09-4; hexachloro-
acetone, 116-16-5.

Carrier-Mediated Transport of Amino Acid and Simple
Organic Anions by Lipophilic Metal Complexes

Kazuhiro Maruyama,*' Hiroshi Tsukube,*} and Takeo Araki®

Contribution from the Department of Chemistry, Faculty of Science, Kyoto University,
Kyoto 606, Japan, the Department of Chemistry, College of Liberal Arts and Science,
Okayama University, Okayama 700, Japan, and the Department of Chemistry,
Faculty of Science, Shimane University, Matsue 690, Japan. Received March 30, 1981

Abstract: A variety of lipophilic metal complexes were examined as a new type of anion-transport carrier in a methylene chloride
liquid membrane system. Some copper complex carriers, composed of neutral ligands, could effectively mediate active and
passive transport of simple organic anions and amino acid derivatives. Their transport properties were largely different from
those of previously reported organic anion carriers and were essentially dependent on the combined characteristics of ligand
molecule, coordinated metal ion, antiport anion, and others. Liquid-liquid extraction experiments of each elementary process
clearly demonstrated that the overall transport rate was mostly determined by that of the substrate-releasing process from
the membrane. Active transport of biologically important amino acid derivatives was successfully achieved by this type of
carrier, providing a new chemical analogue to some biological transport systems.

Membrane transport is a fundamental and essential process in
many biological systems, and its model systems have actively been
studied. Of particular, many kinds of synthetic carriers such as
crown ethers! and cryptands? have been utilized as potential
carriers for transporting alkali metal and organic ammonium
cations and permitted the successful resolution of some racemates
into the optically active forms.? In marked contrast, little attention
has been directed toward transport of anionic species such as amino
acids (carboxylate, phenolate, and thiolate anions) and ATP
(phosphate anion), which are important from the biochemical and
medical points of view. Hence, development of a new type of
carrier capable of transporting these organic anions is required
not only to simulate many biological systems but also to create
a new methodology in separation science.

TKyoto University.
tOkayama University.
$ Shimane University.

Recently some host molecules have been prepared,* but we know
of only a few successful examples of carrier-mediated transport
of organic anjons.® Lehn et al. and Tabushi et al. have presented

(1) (a) Cram, D. J. “Applications of Biochemical Systems in Organic
Chemistry”; Wiley: New York, 1976; Part 11, p 815. (b) Newcomb, M.;
Toner, J. L.; Helgeson, R. C.; Cram, D. 1. J. Am. Chem. Soc. 1979, 101,
4941-4947. (¢) Lamb, J. D.; Christensen, J. J.; Oscarson, J. L.; Nielsen, B.
L.; Asay, B. W,; lzatt, R. M. Ibid. 1980, 102, 6820-6824. (d) Rebek, J;
Wattley, R. V. Ibid. 1980, 102, 4583-4584. (e) Shinkai, S.; Nakaji, T.;
Ogawa, T.; Shigematsu, K.; Manabe, O. Ibid. 1981, 103, 111-115.

(2) (a) Kirch, M.; Lehn, J. M. Angew. Chem., Int. Ed. Engl. 1975, 14,
555-556. (b) Lehn, J. M.; Sauvage, J. P. J. Am. Chem. Soc. 1975, 97,
6700-6707. (c) Lehn, J. M. Pure Appl. Chem. 1979, 51, 979-997.

(3) (a) Lehn, J. M,; Simon, 1.; Moradpour, A. Helv. Chim. Acta, in press.
(b) See ref 1a,b.

(4) (@) Park, C. H,; Simons, H. E. J. Am. Chem. Soc. 1968, 90,
2431-2432. (b) Lehn, J. M.; Pino, S. H.; Watanabe, E.; Willard, A. K. Ibid.
1977, 99, 6766-6768. (c) Dietrich, B.; Fyles, D. L.; Fyles, T. M.; Lehn, J.
M. Helv. Chim. Acta 1979, 62, 2763-2787. (d) Dietrich, B.; Hosseini, M.
W.; Lehn, J. M.; Sessions, R. B. J. Am. Chem. Soc. 1981, 103, 1282-1283.
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Figure 1. Liquid membrane system for transport of organic anions: S,
organic anion; X", antiport anion; L, neutral ligand.

typical examples in which the quaternary ammonium salts form
lipophilic complexes with guest anions and transport them. Shinbo
et al. and other investigators have reported redox-reaction-driven
transference systems, where the redox compounds such as tetra-
methyl-p-phenylenediamine and dibutylferrocene serve as both
an electron carrier and anion carrier.

More recently we communicated that® lipophilic copper complex
1, employing some complicated ligand, [CH,CH,N-
(CSNHPh)],s, transported several simple organic anions with
unique specificities. This copper complex was able to bind and
carry organic anions via “substrate anion—copper ion-ligand”
ternary complex formation. In such a ternary complex,’ lig-
and-substrate anion interaction can be effectively cooperated with
metal ion-substrate anion interaction and contribute to create
unique and higher “substrate specificity”, as known for example
for enzyme—metal ion—substrate complexes. Therefore, a variety
of transition-metal complexes, capable of forming ternary com-
plexes, are expected to be a new class of anion carriers displaying
characteristic functions not found in the previously reported carrier
systems.

The present paper describes the detailed results of metal com-
plex carrier-mediated transport systems. Although several
polyethers have been reported to carry anionic species as coun-
teranion together with alkali metal cations,® we believe that the
present system is the first successful example of transition-metal
complex carriers which transport organic anions with excellent
efficiencies. Some kinds of transition-metal complexes were ex-
amined and shown to mediate active and passive transport of a
variety of organic anions and amino acid derivatives. We found
that interesting and important transport phenomena could, in
principle, be achieved by the appropriate choice of ligand molecule,
coordinated metal ion, antiport anion, etc. Moreover, the results
obtained would provide a new possibility in modeling anion
transport phenomena across the biomembrane, as well as further
applications to anion separation and related processes.

Results and Discussions

Liquid Membrane System. The liquid membrane system used
in this study is shown schematically in Figure 1. The examined

(5) (a) Behr, J. P,; Lehn, J. M. J. Am. Chem. Soc. 1973, 95, 6108—6110.
(b) Tabushi, 1.; Kobuke, Y.; Imuta, J. Ibid. 1981, 103, 6152-6157. (c) Lehn,
J. M.; Moradpour, A.; Behr, I. P. Ibid. 1980, 102, 1744-1745. (d) Romano,
S. J; Wells, K. H.; Rothbart, H. L.; Rieman, W., III, Talanta 1969, 16,
581-590. (e) Shinbo, T.; Kurihara, K.; Kobatake, Y.; Kamo, N. Nature
(London) 1977, 270, 277-278.

(6) Preliminary communications: Maruyama, K.; Tsukube, H.; Araki, T.
J. Chem. Soc., Chem. Commun. 1980, 966-967; Tetrahedron Lett. 1981, 22,
2001-2004.

(7) (a) Yamauchi, O.; Sakurai, T.; Nakahara, A. J. Am. Chem. Soc. 1979,
101, 4164-4172. (b) Fischer, B. E.; Siegel, H. Ibid. 1980, 102, 2998-3008.

(8) (a) Sugiura, M.; Shinbo, T. Bull. Chem. Soc. Jpn. 1979, 52, 684—688.
(b) Lamb, J. D.; Christensen, J. I.; Izatt, S. R.; Bedke, K.; Astin, M. S.; Izatt,
R. M. J. Am. Chem. Soc. 1980, 102, 3399-3403. (c) Tsukube, H. Tetra-
hedron Lett. 1981, 22, 3981-3984. (d) Some lipophilic metal complexes were
used as components of ion-selective electrode for inorganic and simple organic
anions. See: Reinfelder, R. E.; Schultz, F. A. Anal. Chim. Acta 1973, 65,
425-435. Yonemitsu, M.; Ishibushi, N. Bull. Chem. Soc. Jpn. 1973, 63,
3734-3737.
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Figure 2. Structure of examined carrier for anion transport; (*) complex
compositions; see text.

Figure 3. Schematic sketch of “substrate anion—carrier 17 complex. S,
substrate anion.

metal complexes 1-7 (see Figure 2) are much less soluble in the
aqueous phases I and II than in the methylene chloride liquid
membrane. We confirmed that the leakages of metal ions from
the membrane into aqueous phases were negligible unless noted
otherwise. At the interface of aqueous phase I and the methylene
chloride membrane, lipophilic metal complex binds organic anion
substrate (S7) via coordinated anion exchange and carries it
through the membrane. Then, the coordinated anion (S7) is
exchanged by antiport anion (X") and released into aqueous phase
II. The net result is that organic anion (S°) and antiport anion
(X") appear simultaneously in aqueous phases II and I, respec-
tively. Therefore, this process can be considered as an artificial
model of biological antiport transport systems.® Although some
surfactants such as 8 have been reported to transport carboxylate
anions in a similar fashion by Lehn et al.,’ a new type of metal
complex carrier was applied.

Passive Transport of Simple Organic Anions. Three types of
lipophilic metal complexes (linear multidentate ligand—, aromatic
amine—, and aliphatic amine-metal complexes) and organic
surfactant (ammonium salt) were examined as anion carriers for
passive transport of simple organic anions.

The metal complexes 1 and 2 contain neutral ligand having the
structure [CH,CH,N(CSNHPh)],—s. This linear multidentate
ligand was prepared by ring-opening oligomerization of 1-(V-
phenylthiocarbamoyl)aziridine!® and has a regular recurrence of
metal coordination site (NCSNH) and hydrophobic moieties (Ph,
CH,CH,) in a single chain. As reported before,!%® some metal
ions were coordinated with this type of ligand molecule in a manner
of the pseudocyclic ligand and made soluble in the lipophilic media.
In its copper complex, four thiocarbamoyl sulfur atoms of the
ligand can be located in a square-planar configuration, and the
periphery of the metal complex consists of hydrophobic moieties
making an exchydrophobic complex!! (see Figure 3). These

(9) Ring, K. Angew. Chem., Int. Ed. Engl. 1970, 9, 345-356.

(10) (a) Tsukube, H.; Araki, T.; Inoue, H.; Nakamura, A. J. Polym. Sci.,
Polym. Lett. Ed. 1979, 17, 437-440. (b) Tsukube, H.; Araki, T.; Nakamura,
A.; Maruyama, K. J. Polym. Sci., Polym. Chem. Ed. 1980, 18, 3359-3368.
(¢) Araki, T.; Kamachi, M. Polym. Prepr. Jpn. 1980, 29, 1273-1276.
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Table 1. Carrier-Mediated Transport of Simple Organic Anions®
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Table 11. Extraction of Simple Organic Anions

anti- transport rate X 106, mol/h®
port
substrate anion anion 1 2¢ 3 4 5 8
p-0,NC,H, 0" OH 4 035 0.13
Ccl 8.12 2.45 839 0.46 3.81 2.42
Clo,” 26.57 13.20
SCN- 15.94 30.41
m-0O,NC,H, 0" Cr 4,62 3.40 1.21 1.25 0.31 3.98
0-0,NC,H,0 CI 3.55 0.15 0.29 0.40 0.28 5.00
0,0-(0,N),C;H, 0" CI’ 5.95 0.42
0,0’,p-(0,N),C,H,0" CI" 2,62 0.05
p-0,NC,H,CO," crr 26.50 6.63 8.29 1.06 2.38 9.40
m-0,NC,H,CO," cl 22.22 8.44 9.38 1.30 3.67 12.65
0-0,NC,H,CO," crr 28.33 21.77 8.81 0.98 4.03 16.25
p-O,NC,H,PO,>"  CI' 21.40 4.01 8.29 0.49 5.91 15.82
m-0,NC,H,80,~  CI'  23.57 11.59 3.24 1.76 4.26 2.52

@ Initial concentrations: aqueous phase 1-sodium salt of sub-
strate, 0.4 mmol/H,0, 4 mL (pH 7-10); aqueous phase 11-sodium
or potassium salt of antiport anion, 5.0 mmol/H,0, 10 mL; organ-
ic phase—carrier, 0.037 mmol/CH,Cl,, 8 mL. b Reproducibility,
+10% or better. € Carrier 2, 0.030 mmol/CH,Cl,, 8 mL. The
values indicated were normalized. @ No salt of antiport anion was
added into aqueous phase 11.

structural features of the complex allow substrate anion to be
situated at a relatively longer distance along the central axis
perpendicular to the square and attracted into the hydrophobic
cavity. Hence, this type of metal complex is expected to display
sufficient stabilities to facilitate anion exchange at interfaces; the
outer surface may be lipophilic so that the complex can be soluble
in the membrane.

Bathophenanthroline-metal complexes 3 and 4, which have
often been utilized as model complexes of biological activities, were
chosen as more simple metal complex carriers. Their binary
complexes have been well characterized, and their ternary com-
plexes may be highly stabilized by 7 back-bonding from the metal
ion to the ligand molecule.!? Aliphatic amine—copper complex,
tetrakis(trioctylamine)copper(II) chloride (5), was also examined
as a membrane carrier. Since these metal complexes have some
different structural features (steric/electronic environments around
the metal ion), they would display newer and characteristic
transport functions. For a reference, trioctylmethylammonium
chloride (8), which had already been reported to be an effective
anion carrier,’ was employed.

As substrate anions, we chose a series of organic anions having
almost the same molecular sizes and various negatively charged
groups: phenolate, sulfonate, carboxylate anions, and phosphate
dianion. The passive transport experiments were performed by
using a similar apparatus as described before,®!? (see the Ex-
perimental Section). The concentrations of each substrate anion
in the aqueous phase II were determined by spectroscopic methods,
and the initial rates obtained are listed in Table I

The metal complexes 1-5 transported a variety of organic anions
with respective efficiencies. Among them, the copper complex
1 showed higher transport rates than other examined metal
complexes and conventional organic surfactant carrier. For ex-
ample, carrier 1 transported the p-nitrophenolate anion in an
amount equal to 22% of the total after 12 h and the chloride anion
in the opposite direction. The transport rates of the p-nitro-
phenolate anion increased by using perchlorate or thiocyanate

(11) Earlier laser Raman and far-1R spectroscopic studies on the related
copper complexes have indicated that copper jon is bound to the thiocarbamoyl
sulfur atoms. Electronic and CD spectral changes also suggested Cu-S,
complex formation in a square-planar fashion. See: Araki, T.; Tsukube, H.
Macromolecules 1978, 11, 250-255.

(12) (a) Siegel, H. Angew. Chem., Int. Ed. Engl. 1975, 14, 394-402. (b)
Fischer, B. E.; Sigel, H. J. An. Chem. Soc. 1980, 102, 2998-3008. (c) Orioli,
P.; Cini, R.; Donati, D.; Mangani, S.; Nature (London) 1980, 283, 691-693.

(13) (a) Maruyama, K.; Tsukube, H.; Araki, T. J. Am. Chem. Soc. 1980,
102, 3246-3247. (b) Maruyama, K.; Tsukube, H.; Araki, T. J. Chem. Soc.,
Dalton Trans. 1981, 1486-1491. (c) Maruyama, K.; Tsukube, H.; Araki, T.
J. Chem, Soc., Chem. Commun. 1980, 1222-1224.

extraction
% in CH,Cl,

substrate anion system® 1 8
p-O,NC,H,0" A 41 53
B 91 62

m-0,NC,H,0" A 34 63
B 79 53

0,0’-(0,N),C,H, 0" A 52 62
B 96 85

p-O,NC,H,CO," A 25 54
B 48 33

p-O,NC,H,PO*" A 8 17
B 12 4

m-0,NC,H,S0," A 19 62
B 4 76

¢ System A: carrier (0.0186 mmol) in CH,Cl, (4 mL), substrate
(0.0186 mmol) in 0.025 N aqueous NaOH (4 mL). System B:
carrier (0.0186 mmol) in CH,Cl, (4 mL), substrate (0.0186 mmol)
in 0.5 N aqueous KC1 (4 mL). In each system, after 1 h stirring at
room temperature, substrate concentration in the aqueous phase
was determined by spectroscopic method.

anion as the antiport anion. Probably, they may readily release
anionic substrate bound to the carrier. A similar effect of antiport
anion has been observed in the carrier-mediated transport of ADP
by Tabushi et al.s

The copper complex carriers 3 and 5§ could also effectively
mediate passive transport of some kinds of organic anions such
as phenolate and sulfonate anions, even though their transport
rates were generally lower than those of complex 1. The fact that
metal complexes including simple and ordinary ligands transported
organic anions suggests a potential utilization of a number of metal
complexes to the anion transport systems. A deeper insight into
the relationship between ligand structure and transport ability
should be required to design a more specific and powerful carrier.

Iron complexes 2 and 4 had somewhat lower transport abilities
for examined organic anions compared with the corresponding
copper complexes 1 and 3, indicating that the nature of coordinated
metal ions should be considered as an essential factor for deter-
mining the transport efficiencies.

Carrier 1 exhibited a remarkable and unique transport selec-
tivity sequence: phenolate anion < phosphate dianion « car-
boxylate anion ~ sulfonate anion. This transport trend of metal
complex carrier 1 was quite different from that displayed by
surfactant carrier 8: sulfonate anion ~ phenolate anion < car-
boxylate anion < phosphate dianion. Particularly, carrier 1 had
great advantages in the transport of 2,6-dinitrophenolate, picrate,
and nitrobenzenesulfonate anions, which were slowly transported
by carrier 8.

Table I demonstrates that metal complexes 2-5 exhibited
characteristic transport specificities, suggesting that vast regulation
of the transport selectivities and efficiencies could be attained by
the appropriate choice of ligand molecule, central metal ion,
antiport anion, and their combinations. More elaborate modi-
fications of ligand structure and proper choice of metal ion would
enable us to have a specific anion carrier complex.

In order to determine the nature of the present transport system,
we performed liquid-liquid extraction experiments in which some
organic anions are distributed between aqueous NaOH solution
(or aqueous KClI solution) and carrier-containing methylene
chloride solution. The organic anions are complexed with carrier
and extracted into the phase of methylene chloride, and the degrees
of extraction are taken to be a measure of the complexing ability
of the carrier for each substrate anion. The results are shown in
Table II.

Of the anions examined, carboxylate, sulfonate, and phosphate
anions, which were efficiently transported by carrier 1, were found
to be relatively loosely complexed with copper complex 1. On
the other hand, phenolate anions, transported with lower rates,
were shown to be accumulated into the methylene chloride phase
as stable “phenolate anion—carrier complex™. A parallel obser-
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Table I1l. Absorption Maxima of Bound Phenolate Anions?®
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Table IV. Carrier-Mediated Transport of Amino Acid Derivatives®

absorption maxima, nm

transport rate? X 10%, mol/h

inH.O in CH,Cl, substrate 1 3 S 6 7 8
substrate anion no ca:rier 1 8 Bz-Gly 21.3 10.5 13.6 0.2 0.4 21.6
- Bz-Ala 18.5 7.0 16.1¢ 0.1 0.4 14.6
p-0,NC,H, O™ 400 411 418 Bz-Glu 144 89 138 03° 0.1 2.6
0,0'(0,N),C,H,0 430 453 463 Bz-Gly-Gly  140¢ 182 109 03 01  20.4
@ Conditions: see Table 11, system A. Bz-Met 115 3.6 5.4¢ 0.1 0.1 14.4
Bz-Val 9.5 4.8 11.8¢ 0.1 0.1 10.0

. . . . - e

vation was observed in the carrier 8 system. Carrier 8 was con- g;ll;}el: gi g Z gge 8}" 8? 12.7
firmed to transport carboxylate and phenolate anions with higher Ala 2.1d ) : ) ) g ;
transport rates, which were not so tightly bound to the carrier. Phe 124 13 224 15 16.4

These results demonstrate that overall transport rate is dependent
on that of release rather than that of extraction in the present
system. Several investigators have also observed similar rela-
tionships between complexing ability and transport efficiency of
the carrier in cation-transport experiments.!'>!4 It has been
established that a host molecule giving a modestly stable complex
with a guest species is an effective carrier. The same conclusion
could be drawn in the present anion-transport system.

The electronic spectra of organic anion—carrier complexes
provided further information on the coordinated states of substrate
anions. By equilibrating a methylene chloride solution of carrier
1 or 8 with aqueous phenolate anion solution, some absorption
bands assignable to the carrier-bound phenolate anions appeared
in the electronic spectra. Table III summarizes the absorption
maxima of these bands, showing that they were shifted to longer
wavelengths than those observed in the aqueous solution. Larger
spectral shifts were found in the “ion-pair complex” of carrier
8—phenolate anion than in the “coordination complex” of carrier
1-phenolate anion. Although not yet fully characterized, the
nature of phenolate anion—carrier complexes would determine the
coordination states, and phenolate anions may be bound to carrier
8 more strongly than to carrier 1. The methylene chloride
membrane solution during the transport experiments exhibited
similar spectral profiles, supporting the complex formation of
“substrate anion—copper complex carrier” as transient species, as
shown in Figure 1. In the square-planar copper complexes like
carrier 1, the axial ligation is well-known to be relatively weak
and so called “labile”.122 Such coordination properties of metal
complex carrier 1 can lead to the effective formation of a transient
ternary complex with a suitable stability and to the characteristic
transport abilities of unique transport selectivity and high effi-
ciency.

Passive Transport of Amino Acid Derivatives as Carboxylate
Anions. We applied a new type of anion carrier to the transport
of biologically important amino acid derivatives,’® since transport
behaviors of novel metal complex carriers as described above are
expected to attain further interesting functions such as selective
and active transport.

The five lipophilic metal complexes 1, 3, 5, 6, and 7, and
trioctylmethylammonium chloride (8) for comparison, were studied
as anion carriers. The passive transport experiments of amino
acid anions were carried out in a similar manner as mentioned
above. The initial rates shown in Table IV were obtained from
the rates of appearance of amino acid anions in aqueous phase
II. No diffusion was detected in the absence of carrier.

The copper complex 1 transported a variety of N-benzoyl amino
acid and dipeptide derivatives with comparable efficiencies to those
of organic anion carrier 8.* Under the employed conditions (see
Table IV), carrier 1 transported N-benzoylalanine in an amount
equal to 57% of the total after 8 h and chloride anion (antiport
anion) in the opposite direction. Such a fast transport rate was
hardly observed in the presence of ligand molecule alone, indicating
that anion binding of the metal cation site in the carrier complex
seemed to play an important role. As we confirmed that the
leakages of copper ion from membrane into agueous phases were
usually small,!® the copper complex could be circulated as a carrier,

(14) Kobuke, Y.; Hanji, K.; Horiguchi, K.; Asada, M.; Nakayama, Y;
Furukawa, J. J. Am. Chem. Soc. 1976, 98, 7414-7419.

¢ Conditions: aqueous phase I-substrate, 0.3 mmol/0.1 N aque-
ous NaOH, 3 mL: aqueous phase 1I-KCl, 5.0 mmol/H,0, 9 mL;
membrane—carrier, 0.037 mmol/CH,Cl,, 8 mL. ? Reproduc-
ibility: #15% or better. € Small amount of copper ion was moved
into aqueous phase 1. ¢ Leakage of copper ion was not negligible.
€ Copper species was partially suspended.

as shown in Figure 1. It was noted that considerable amounts
of copper ion were extracted into the aqueous phases in the
transport of nonsubstituted phenylalanine and alanine. When these
bidentate ligands were chosen as substrate anion, the copper ion
was leaked into the aqueous phase by complexation with amino
acids, and the transport rates were modestly suppressed.
Therefore, the use of carrier 1 appeared to be limited to the
transport of monodentate anionic substrates such as N-substituted
amino acids.

Carrier 1 showed a quite interesting transport trend for a series
of amino acid derivatives examined: Bz-Gly > Bz-Ala > Bz-Glu
~ Bz-Gly-Gly > Bz-Met > Bz-Val ~ Bz-Leu > Bz-Phe > Ala
~ Phe. This is remarkably different from those of reported
systems. Some investigators®®!6 have reported that the transport
rates of nonsubstituted amino acids were mainly proportional to
the hydrophobicities of the substrates, suggesting that the ex-
traction process of the substrates into the membrane could be
importantly operating: Phe > Leu > Ala > Gly. Introduction
of hydrophobic and bulky benzoyl groups into the substrates had
great influences on the transport phenomena.

The transport selectivities shown by the small copper complex
3 were of interest: Bz-Gly-Gly > Bz-Gly > Bz-Glu > Bz-Ala
> Ba-Val > Bz-Met ~ Bz-Leu > Bz-Phe. Bz-Gly-Gly and
Bz-Glu anions were effectively transported by copper complex 3,
though carrier 3 generally showed a low transport rate. Probably
additional metal coordination of functional groups (CO,H,
NHCO) in these substrates would be significantly participating
in the carrier—substrate complex formation.

Tetrakis(trioctylamine)copper(II) chloride (5) also transported
amino acid anions as carboxylate anions. When it was employed
as carrier, large amounts of the copper species were deposited on
the wall of transport cell, and its transport abilities were lower
than those of 1. This suggests that the higher lipophilicity of the
formed ternary complex can essentially enhance the transport rate.

As opposed to complexes 1, 3, and 5, anionic ligand coordinated
complexes 6 and 7 were found to barely transport amino acid
anions. In the latter complexes, where the positive charges of the
central metal ion were neutralized by the coordinated ligand
anions, amino acid anions could not be involved in further co-
ordination. These results clearly indicate that neutralization of
charge is one of the important driving forces leading to ternary
complex formation. In other words, the formation of lipophilic
“substrate anion-metal ion—neutral ligand” ternary complex is
an essential factor in designing a useful metal complex carrier.

Active Transport of Amino Acid Derivatives by Metal Complex
Carriers. Active transport of amino acid derivatives was attempted
by using a U-shaped apparatus of a “Pressman cell” (see Ex-

(15) Under the employed conditions (see Table IV), ca. 7% of copper ion
initially added was leaked from membrane into aqueous phases after 12 h of
operation.

(16) Wilson, P. D.; Wheeler, K. P. Biochem. Soc. Trans. 1973, 1, 369-372.



Carrier- Mediated Transport by Metal Complexes

Table V. Active Transport of Amino Acid Anions by
Carriers 1, 3, and 8¢

equilibrated substrate
distribution, mmol

antiport
substrate anion, mmol aql membrane aq 11
Carrier 1 System
Bz-Gly (0) 0.219 0.062 0.219
Cl" (1.0) 0.216 0 0.284
Cl (2.5) 0.122 0.005 0.373
CI" (5.0)¢ 0.107 0.005 0.388
Cl" (10.0) 0.091 0.047 0.362
Clo,” (5.0) 0.124 0.033 0.343
SCN~ (10.0) 0.109 0.053 0.338
Bz-Ala Cl" (2.5) 0.170 0.060 0.270
Cl" (5.0) 0.082 0.029 0.389
Bz-Glu Cl" (5.0) 0.147 0.033 0.320
Bz-Gly-Gly Cl" (5.0) d d d
Bz-Met Cl" (5.0) 0.152 0.045 0.303
Bz-Val Cl" (5.0) 0.157 0.073 0.270
Bz-Leu Cl" (5.0) 0.159 0.082 0.259
Bz-Phe Cl (2.5) 0.206 0.044 0.250
Cl" 15.0) 0.143 0.105 0.252
Carrier 3 System
Bz-Gly (0) 0.210 0.080 0.210
CI" (1.0) 0.194 0.030 0.276
CI" (5.0) 0.134 0.034 0.332
CI" (10.0) 0.098 0.069 0.333
Clo, (5.0) 0.156 0.067 0.277
SCN™ (5.0) 0.194 (0.049)° 0.257
Bz-Ala Cl- (5.0) 0.049 0.090 0.361
Bz-Glu Cl (5.0) 0.079 0.053 0.368
Bz-Gly-Gly Cl" (5.0) 0.059 0.024 0.417
Bz-Met Cl" (5.0) 0.176 0.092 0.232
Bz-Val Cl- (5.0) 0.146 0.104 0.250
Bz-Leu Cl" (5.0) 0.180 0.090 0.230
Bz-Phe CI" (5.0) 0.207 0.083 0.210
Carrier 8 System
Bz-Gly Cl" (5.0) 0.083 0.003 0.414
Bz-Ala CI" (5.0) 0.069 0.001 0.430
Bz-Glu CI" (5.0) 0.117 0.017 0.366
Bz-Glu-Gly Cl" (5.0) 0.112 0.021 0.367
Bz-Met Cl" (5.0) 0.184 0.037 0.284
Bz-Val ClI" (5.0) 0.117 0.021 0.362
Bz-Leu ClI" (5.0) 0.165 0.049 0.286
Bz-Phe ClI- (5.0) 0.214 0.041 0.245

¢ 1nitial concentrations: aqueous phase I—substrate, 0.25 mmol/
0.05 N NaOH, 5 mL; aqueous phase 11-substrate, 0.25 mmol, salt
of antiport anion, 0-10 mmol/0.05 N NaOH, 5 mL; membrane—
carrier, 0.056 mmol/CH,Cl,, 12 mL. ? The concentrations of
substrate in both aqueous phases were determined spectroscopi-
cally after 24 h. € 0.053 mmol of Bz-Gly was actively transported
after 12 h in this system, while 0.060 mmol of Bz-Gly was found
to be passively transported in the absence of substrate in aqueous
phase 11. ¢ Considerable amounts of copper ion were eluted into
the aqueous phases. ¢ The amounts of precipitates were not neg-
ligible in this case.

perimental Section), in which initial concentrations of each sub-
strate and pH conditions were the same for both aqueous phases
separated by the methylene chloride membrane. The concen-
trations of substrate in both aqueous phases were followed
spectroscopically, and apparently equilibrated concentrations,
determined usually after 24 h, are listed in Table V.

In the absence of antiport anion (chloride, thiocyanate, and
perchlorate anions) in aqueous phase II, substrate anion was simply
accumulated into the membrane phase but not transported. When
the antiport anion was added, amino acid derivatives were suc-
cessfully transported against their concentration gradients by aid
of copper complex 1 or 3 or surfactant 8. Although a chemical
reaction was not linked with the transport process, so-called
“uphill” transport of amino acid anions could be achieved. For
N-benzoylglycine as a typical example, the actively transported
amounts were found to be enhanced by increasing chloride anion
(antiport anion) concentrations in aqueous phase II, showing that
coupling to the antiport anion gradient was used to pump the
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amino acid anions up. The utilization of thiocyanate or perchlorate
anion as antiport anion had only slight influences on the apparently
equilibrated amounts of each substrate, even though initial rates
were really accelerated. The transport experiment conducted
under the conditions in which aqueous phase II initially contained
chloride anion alone shows that the presence of amino acid anion
in the aqueous phase II did not affect transport rates at the initial
stage (<12 h).

The substrate specificity of active transport systems was similar
to that of the passive transport systems (see Table IV): for carrier
1, Bz-Gly > Bz-Ala > Bz-Glu ~ (Bz-Gly-Gly) > Bz-Met >
Bz-Val > Bz-Leu > Bz-Phe; for carrier 3, Bz-Gly-Gly > Bz-Glu
~ Bz-Ala > Bz-Gly > Bz-Val > Bz-Met ~ Bz-Leu > Bz-Phe;
for carrier 8, Bz-Ala > Bz-Gly > Bz-Glu ~ Bz-Gly-Gly ~ Bz-Val
> Bz-Met ~ Bz-Leu > Bz-Phe. The order of carrier capabilities
in the active transport systems was in good accord with the ex-
pectations based on the results of passive transport systems: carrier
8 > carrier 1 > carrier 3. It was strongly suggested that a variety
of neutral ligand—metal complexes may transport amino acid
anions against their concentration gradients and that their
transport properties can be expected from those of passive transport
systems.

In order to examine the nature of present active transport
systems, we studied the extraction and releasing profiles for amino
acid anions by using carriers 1, 3, and 8, as described previously.
The results are illustrated in Figure 4, in which the actively
transported amounts of each amino acid anion are also included
for comparison.

Their extraction behaviors were slightly but definitely varied
by addition of chloride anion in the aqueous phase. While the
extracted amounts of amino acid anions into the methylene
chloride phase were suppressed in the presence of chloride anion,
their extraction selectivities were enhanced. In particular, some
amino acids with higher hydrophobicities such as Bz-Phe, Bz-Leu,
and Bz-Val were effectively extracted into the membrane phase.
These extraction trends in the presence of chloride anion were
expectedly parallel to their transport selectivities as mentioned
above, showing that the substrate-releasing process would play
a key role in the present carrier system.

Recently some marocyclic polyethers were found to successfully
mediate the active transport of amino acid derivatives, coupled
with potassium cation transport.® In such systems, the amino
acid anions with higher hydrophobicities allowed fast transport:
Bz-Phe > Bz-Leu ~ Bz-Met > Bz-Val > Bz-His ~ Bz-Ala ~
Bz-Gly-Gly ~ Bz-Gly. This transport trend also indicates that
anion extraction into the membrane by complexation with po-
tassium—polyether cation complex carrier would be importantly
operating, in contrast with transition-metal complex carrier
systems. Thus, transport selectivity could be dramatically modified
and controlled by alterations of the carrier type used.

The present study demonstrates that transition metal complex
mediated transport phenomena mainly depended on the coordi-
nation character of the metal complexes employed. Therefore,
more adequate design of the metal complex carrier!” can allow
specific artificial transport of a variety of biologically important
and interesting substrates such as amino acid, peptide, ATP, and
other organic anions. At the same time, we could offer a new
chemical analogue to the biological transport systems in which
metal ions are significantly involved.'®

Experimental Section

Carrier Synthesis. The functionalized ligand used having the structure
[CH,CH,N(CSNHPh)),..3 was prepared by ring-opening oligomeriza-
tion of 1-(N-phenylthiocarbamoyl)aziridine in 70-80% yields.'® Under
an argon atmosphere, to an aziridine monomer solution in dried ethyl
acetate (0.2 mol/L) was added dropwise with stirring an equimolar
amount of diethyl sulfate at ambient temperature. After the resulting
solution was allowed to stand at 60 °C for 20 days, oily viscous product,
deposited from the reaction solution, was isolated, washed with ethyl

(17) Tsukube, H. Angew. Chem., Int. Ed. Engl. 1982, 21, 304-305; J.
Chem. Soc., Perkin Trans. 1, in press.

(18) (a) See ref 12c. (b) Passarella, S.; Palmieri, F.; Quagliariello, E.
FEBS Lett. 1973, 38, 91-95.
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Figure 4. Relationship between extraction ability and active transport efficiency. Extraction conditions: carrier (1, 3, or 8), 0.0279 mmol/CH,Cl,,
4 mL; amino acid, 0.0186 mmol; KCL, 0 or 0.80 mmol/0.02 N aqueous NaOH, 4 mL. Transport conditions: see Table V.

perature for 30 min. After removal of solvent, the remaining green
complex was dissolved in 8 mL of methylene chloride and used without
further purifications. The IR spectrum of copper complex 1 exhibited
some characteristic profiles in the -CSNH- frequencies: 1703, 1544, and
1440 cm™ (newly appeared bands), 1314 and 1227 cm! (shift of bands).
The complexation caused significant changes in the vibrational modes
involved in the -CSNH- groups. A far-IR spectrum provided more
direct information on the coordination states. Newly appeared bands at
300 and 252 cm™! could be ascribed to »c,g and the band at 112 cm™
to the 0s.c,-s mode. In the electronic spectrum of this complex in
methylene chloride solution, the d—d transition absorption was observed
at 710 nm. The coordination number was calculated as four from the
plots of d—d transition absorbance against the mole ratio of the NCSNH
unit to copper fon. An equilibrium constant was also estimated to be
more than 3000 L/mol. Its preliminary cyclic voltammgram showed only

acetate, and reprecipitated from tetrahydrofuran solution by adding
ether. The obtained oligomer was immersed in 10% aqueous ammonia
solution overnight, collected, washed with water repeatedly, and dried in
vacuo. The crude white powder was purified by Amberlite 400 column
chromatography. The oligomer was found to be an octameric material
including a trace amount of analogues (» = 7 and 9) by gel permeation
chromatographic analysis. It is necessary to use the monomer immedi-
ately after preparation from aziridine and phenyl isothiocyanate. Oth-
erwise, white insoluble product is formed instantaneously by adding
diethyl sulfate. This white material is not available. The detailed
properties of this oligomeric ligand have already been reported in the
preceding papers.!®

Copper complex 1 was obtained by mixing the octameric ligand (0.15
unit mmol), as prepared above, and copper(II) chloride (0.037 mmol) in
20 mL of methanol-methylene chloride solution (1:1, v/v) at room tem-
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three reversible waves, suggesting that it has a uniform and simple
structure and excellent stability in the electrochemical sense. A relevant
study of the copper complex derived from the optically active octameric
ligand [CH,CH(CH;)N(CONHPh)],s!%!° showed typical copper
bands with diffused fine structures, corresponding to essentially
“square-planar” configuration in the CD spectrum.

The jron(III) complex 2 was similarly prepared by mixing octameric
ligand (0.19 unit mmol) and iron(III) chloride (0.030 mmol) in 30 mL
of methanol-methylene chloride solution (1:1, v/v) for 4 h. After re-
moval of solvent, the methylene chloride soluble fraction (ca. 85%) was
used. This complex was yellow red but exhibited no discrete absorption
maximum in the methylene chloride. Although its coordination chem-
istry is not clear at present, it shows highly lipophilic properties, enough
to be soluble in the used liquid membrane.

Other copper complexes 3—7 were synthesized according to literature
methods.?0

Transport Experiments. The passive transport experiments (Tables
I and II) were carried out at room temperature (ca. 15 °C) in a similar
apparatus as described before.!* A cylindrical glass cell (4.0 cm, i.d.)
holds a glass tube (2.0 cm, i.d.) that separates two aqueous phases.
Typically, the inner aqueous phase (aqueous phase I) contains substrate
anion in 4 mL of alkaline solution. The outer phase (aqueous phase II)
contains antiport anion in 10 mL of water. The membrane layer (8 mL
of methylene chloride), in which carrier is dissolved, lies below these two
aqueous phases and bridges the separation by the central glass tube. This
methylene chloride layer is stirred by a magnetic stirrer. Although we
confirmed that the variations in stirring speed had no pronounced effect
on the transport rates, the transport phenomena were not found to occur
without any perturbations.

A similar transport experiment with each substrate anion was per-
formed in the absence of carrier for reference, and leakage of substrate

(19) Araki, T.; Nagata, K.; Tsukube, H. J. Polym. Sci., Polym. Chem. Ed.
1979, 17, 731-746.

(20) (a) Nakatsuka, Y. Bull. Chem. Soc. Jpn. 1936, 11, 45-48. (b) Jones,
M. M. J. Am. Chem. Soc. 1959, 81, 3188-3189.

was found to be very small (~0.1 X 107 mol/h).

The substrate anion concentration in aqueous phase I1 was confirmed
to increase linearly with running time (<16 h), and the initial rates are
shown in the tables.

The antiport anion was also observed to move from aqueous phase 11
to I. When the perchlorate anion was employed as antiport anion, we
found that the amount of perchlorate anion transported, determined by
the methylene blue method, was almost equal to that of substrate anion
transferred under the conditions stated in Tables 1 and 1V. The detailed
conditions are included in each table.

The active transport of amino acid derivatives was performed in a
U-shaped glass cell (2.0 cm, i.d.). The carrier in methylene chloride (12
mL) is placed in the base of the cell, and two aqueous phases (5 mL each)
of equal substrate concentration and pH are placed in the arms of the
cell, floating on the methylene chloride. The membrane phase is stirred
constantly by a magnetic stirrer.

When the salt of antiport anion (KCI, NaClO,, or KSCN) was added
in aqueous phase 11, substrate anion was transported from aqueous phase
I to 11. The concentration of substrate anion in aqueous phase 1 increased
with running time and reached a steady state (usually after 20 h). The
concentration of substrate anion in aqueous phase I also decreased at an
almost similar rate.

Liquid-Liquid Extraction Experiments. The methylene chloride so-
lution of carrier was allowed to contact an aqueous solution of sodium
salt of substrate anion. After a given period (ca. 1 h), an organic phase
was separated from aqueous phase. The extracted amount of substrate
anion was calculated from the difference between the concentrations of
initially and remaining substrate anion in the aqueous phase. The de-
tailed conditions are included in Table 11.

Registry No. 3, 55997-76-7; 4, 82469-60-1; 5, 82469-61-2; 6, 46369-
53-3; 7, 10380-28-6; 8, 5137-55-3; [CH,CH,N(CSNHPh)],,, 71093-49-7;
copper(II) chloride, 7447-39-4; iron(IIl) chloride, 7705-08-0.

(21) Boltz, D. F. “Colorimetric Determination of Non-Metals”; Intersci-
ence: New York, 1958; p 176.
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Abstract: The detection of a single proton exchangeable resonance for unligated ferrous horseradish peroxidase, HRP, with
hyperfine shift comparable to that found for the proximal histidyl imidazole N H in deoxy myoglobins, hemoglobin, and models
established that the axial imidazole in ferrous HRP, contrary to the interpretations of other spectroscopic evidence, is not
deprotonated. A protein conformational change modulated by another titratable residue induces a significant change in the
N.H contact shift. We show that simultaneous consideration of changes of the proximal histidyl imidazole N .H contact shift
and resonance Raman »(Fe-N;) permit the differentiation between steric and electronic influences on iron-imidazole bonding.
For ferrous HRP, the acid ~ alkaline transition involves primarily changes in N.H hydrogen bonding to a peptide acceptor,
with the degree of imidazolate character for the axial ligand slightly larger for the acid than for the alkaline form of the protein.

The proposal that electronic control of iron reactivity in he-
moproteins is exercised primarily through the axial ligand is a
cornerstone of the theories for the mechanism of action of both
hemoglobins and heme peroxidases. The original Perutz model
for hemoglobin cooperativity emphasized strained or stretched
iron-histidine bonds.! More recently, recognition has been given
to the fact that the strength of the iron-imidazole bond can be
modulated indirectly by the formation of a hydrogen bond between
the proximal histidyl imidazole N.H (A in Figure 1) and a protein

(1) Perutz, M. F.; Ten Eyck, L. F. Cold Spring Harbor Symp. Quant. Biol.
1971, 36, 295-310.

acceptor residue.>® Increased donor properties of the N.H would
increase the imidazole o basicity and hence strengthen the iron—
imidazole bond.? Even complete deprotonation of the imidazole
in hemoglobin has been considered on the basis of ESR data,*

(2) Morrison, M.; Schonbaum, G. R. 4nnu. Rev. Biochem. 1976, 45,
86-127. Nickolls, P. Biochim. Biophys. Acta 1962, 60, 217-228.

(3) Peisach, J. Ann. N.Y. Acad. Sci. 1975, 244, 187-202.

(4) Cheyion, M.; Salhany, J. M.; Castillo, C. L.; Peisach, J.; Blumberg,
W. E. Isr. J. Chem. 1977, 15, 311-317.

(5) Swartz, J. C,; Stanford, M. A; Moy, J. N; Hoffman, B. M.; Valentine,
J.S. J. Am. Chem. Soc. 1979, 101, 3396-3398.

(6) Valentine, J. S.; Sheridan, R. P.; Allen, L. C.; Kahn, P. Proc. Natl.
Acad. Sci. U.S.A. 1979, 76, 1009-1013.
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